AD 


GRANT  NO :  DAMD1 7-94-J-4034 


TITLE: 


Regulation  of  a  Kinase  Cascade  Involved  in  Cancer  and  Normal 
Cell  Growth. 


PRINCIPAL  INVESTIGATOR: 


Dennis  J.  Templeton 
Minhong  Yan 


CONTRACTING  ORGANIZATION:  Case  Western  Reserve  University 

10900  Euclid  Avenue 
Cleveland,  OH  44106 


REPORT  DATE:  July  1,  1995 


TYPE  OF  REPORT:  Annual 


PREPARED  FOR:  u.S.  Army  Medical  Research  and  Materiel 

Command 

Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  public  release; 

distribution  unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


19950920  090 


DEC  QUALITY  INSPECTED  8 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE 
COPY  FURNISHED  TO  DTIC 
CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO 
NOT  REPRODUCE  LEGIBLY. 


REPORT  DOCUMENTATION  PAGI 


Form  Approved 
OMB  No.  0704-0188 


.-oortina  burden  *cr  this  collection  of  information  is  estimated  to  averaqe  1  hour  oer  response,  including  the  time  for  reviewing  instructions,  searcnmg  existing  data  sources, 
i:^r\rn  maintainma  the  data  needed,  and  compietinq  and  reviewing  the collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
of  Information,' 'including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services.  Directorate  tor  information  Operations  and  Reports,  1215  Jefferson 
\v,.  LT77Vay,  Su:te  1 2C4 .  Arlington,  v A  22202-4302,  3nd  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0138),  Washington,  DC  20503. 


jSE  ONLY  (Leave  blank) 


TITLE  AND  SUBTITLE 

Regulation  of  a  Kinase 
Cancer  and  Normal  Cell 


3.  REPORT  TYPE  AND  DATES  COVERED 

Annual  June  1,  1994-May  31/  95 


5.  FUNDING  NUMBERS 

Cascade  Involved  In  DAMD17-94-J-4034 

Growth 


G.  AUTHORS) 


Dennis  Templeton 
Minhong . Yan 


.  PEitFCRMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Case  Western  Reserve  University 
10900  Euclid  Avenue/  BRB  9th  fl 
Cleveland,  OH  44106-4943 


S.  SPONSORING/ MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


AcaesiaeY  import  number 


UPPLE  ME  NTARY  NOTES 

! 

By... 

Distribution/ 

Approved  for  public  release;  distribution  unlimited 


Avail  and/or 
Special 


13We  £v?  iSS seriT 218  and  serine  222  whose  phosphorylations  are  critical  tor  MEK  achVttUUl 
both  in  vitro  and  in  vivo.  Interestingly,  these  two  serine  residues  are  differentially  phosphorylated  by 
Raf-1  and  MEKK:  Raf-1  phosphorylate  serine  218  and  serine  222  equally  while  MEKK 

preferentially  phosphorylated  serine  21 8.  . 

In  an  attempt  to  study  the  potential  of  MEKK  as  an  oncogene,  we  found  that  truncation  of  the  putative 
N-terminal  regulatory  domain  of  MEKK  failed  to  transform  different  cells.  Instead  stable 
overexpression  of  DMEKK  appeared  to  be  either  lethal  to  growth  inhibitory.  To  overcome  the 
problem  associated  with  constitutive  overexpression  of  DMEKK,  an  inducible  expression  system  was 
applyed  Surprisingly,  inducible  expression  of  DMEKK  had  no  effect  on  mapk  activation  in  NIH3T3 
cells  whose  MAPK  pathways  were  still  functional .  Moreover  we  found  that  the  recently  discovered 
SAPK  pathway  was  activated  by  DMEKK  induction.  Finally,  in  collaboration  with  other  laboratories, 
we  demonstrated  that  MEKK  can  directly  phosphorylate  and  activate  the  SAPK  activator  SEK  m  vivo 
and  in  vitro.  Therefore  MEKK— SEK--SAPK  defines  a  novel  kinase  cascade  distinct  from  the  Raf-1 - 
MEK—MAPK  kinase  cascade. 


Kinase,  Breast  Cancer 


CL. \S53riCATlCN  \  C3.  SECURITY  CL  A  2 
•7  ■  OF  THIS  P-GE 


.5.  NUMBER  OF  PAGES 

19 


7 !<•;;]  i  19.  SECURITY  CLASSIFICATION  j  20.  LIMITATION  OF  ABSTRACT  ; 
1  OF  ABSTRACT  =i  I 


Unclassified 


Unclassified 


Unclassified 


Unlimited 


FOREWORD 


Opinions,  interpretations,  conclusions  and  recommendations  are 
those  of  the  author  and  are  not  necessarily  endorsed  by  the  US 
Army. 

where  copyrighted  material  is  quoted,  permission  has  been 
obtained  to  use  such  material. 

Where  material  from  documents  designated  for  limited 
distribution  is  quoted,  permission  has  been  obtained  to  use  the 
material . 

Citations  of  commercial  organizations  and  trade  names  in 
this  report  do  not  constitute  an  official  Department  of  Army 
endorsement  or  approval  of  the  products  or  services  of  these 
organizations . 

t'O'fc  In  conducting  research  using  animals,  the  investigator (s) 

adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory 
Animals,"  prepared  by  the  Committee  on  Care  and  Use  of  Laboratory 
Animals  of  the  Institute  of  Laboratory  Resources,  National 
Research  Council  (NIH  Publication  No.  86-23,  Revised  1985). 

(sj »\ _  For  the  protection  of  human  subjects,  the  investigator (s) 

adhered  to  policies  of  applicable  Federal  Law  45  CFR  46. 

Usr  In  conducting  research  utilizing  recombinant  DNA  technology , 
the  investigator (s)  adhered  to  current  guidelines  promulgated  by 
the  National  Institutes  of  Health. 


In  the  conduct  of  research  utilizing  recombinant  DNA,  the 
investigator (s)  adhered  to  the  NIH  Guidelines  for  Research 
Involving  Recombinant  DNA  Molecules. 

^  In  the  conduct  of  research  involving  hazardous  organisms, 
the  investigator (s)  adhered  to  the  CDC-NIH  Guide  for  Biosafety  in 
Microbiological  and  Biomedical  Laboratories. 


£-/o/ 

Pi  -  SigiJeFture  \  Date 


annual  report  Yan,  M 


INTRODUCTION 


Growth  stimulation  of  cancer  normal  cells  is  accompanied  by  activateion  of 
cytoplasmic  kinase  cascades.  MAPKs(  Mitogen-activated  protein  kinases) 
pathway  is  one  of  the  best  characterized  signaling  cascade  which  encompasses 
Raf-1  kinase,  the  MAPK  activator  MEK,  and  MAPKs.  A  good  body  of  evidences 
supports  a  linear  arrangement  of  this  cascade:  Raf-1  phosphorylates  and 

activates  MEK,  which  in  turn  phosphorylates  and  activates  MAPK*.  The  MAP 
Kinase  cascade  seems  to  be  highly  conserved  through  revolution  since  several 

similar  signaling  cascades  have  been  identified  in  the  yeast  systems^.  On  the 
basis  of  sequence  homology  to  yeast  kinases  Byr2  and  STE11,  Lange-Carter  et  al. 
cloned  another  mammalian  kinase  capable  to  activate  MEK  in  vivo  when 
overexpressed  in  COS  cells  and  to  phosphorylate  and  activate  MEK  in  vitro, 

hence  named  MEK  Kinase  (MEKK)  .The  proposed  model  is:  MEK  serves  as  a 
convergent  point  for  signals  from  Raf-1  and  MEKK  which  may  transmit  signals 
from  different  upstream  components.  In  the  kinase  cascade  from  the  activation 
of  raf-1  to  the  activation  of  MAP  kinase,  only  the  mechanism  by  which  MAP 

kinase  is  activated  has  been  analysed  in  detail'*.  Little  is  known  about  the 
molecular  detail  of  MEK  activation  other  than  that  it  is  activated  by 
phosphorylation,  probably  on  serine  residue(s).  Moreover,  it  is  interesting  and 
important  to  clarify  whether  MEKK  and  Raf  phosphorylate  and  activate  MEK  in 
the  same  or  distinct  way. 

Protein  Serine/Threonine  kinase  Raf-1  can  be  activated  by  a  variety  of 
mitogenic  signals,  including  epidermal  growth  factor,  platelet-derived  growth 

factor,  erythropoeitin,  insulin,  nerve  growth  factor  and  phorbol  ester* .  The 
essential  role  of  Raf-1  in  transduction  of  proliferative  signals  is  demonstrated 
by  the  ability  of  antisense  c-raf-1  RNA  or  dominant  negative  Raf-1  mutants  to 
block  the  DNA  synthesis  and  cell  growth  stimulated  by  serum  and  phorbol  ester 

TPA^.  Raf-1  has  been  positioned  downstream  of  Ras  in  numerous  signal 
transduction  pathways  and  several  lines  of  evidences  have  shown  that  Raf-1 

might  serve  as  one  of  the  immediate  targets  of  Ras^’  ^ 10’  *1.  Regarding 
the  consequences  of  raf-1  activation,  both  in  vitro  and  in  vivo  data 
demonstrated  Raf-1  activates  MEK  and  MAPK. 

Compared  to  Raf-1,  there  is  relatively  little  information  about  the  function  and 
regulation  of  MEKK  in  vivo.  In  PC12  cells,  it  has  been  shown  that  the  MEK 

phosphorylation  activity  of  MEKK  is  rapidly  activated  by  the  treatment  of  EGF, 
i  o 

NGF  and  TPA  .Even  though  both  overexpressed  MEKK  and  v-Raf  can  activate 
MEK  in  COS  cells  and  phosphorylate  MEK  in  vitro  ,unlike  Raf-1,  neither  full 
length  nor  N-terminal  truncated  MEKK  displays  transforming  activity  in 
fibroblasts  (  such  as  NIH3T3  and  Rat-1  cells,  observation  in  Dr.Templeton's  lab). 
In  addition,  the  stable  expression  of  N-terminal  deletion  mutant  of  MEKK 
(AMEKK)  is  either  deleterious  or  growth  inhibitory  to  the  cells  (unpulished 
data  from  Templeton's  lab).  This  raises  the  question  whether  Raf-1  and  MEKK 
regulate  precisely  the  same  downstream  targets. 

The  existence  of  several  functionally  distinct  kinase  cascades  in  yeast  and  the 
structual  conservation  of  these  cascades,  together  with  the  fact  that  mammalian 
cells  need  differential  responses  to  different  environmental  changes,  suggests 
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that  mammalian  cell  might  employ  kinase  cascades  other  than  MAP  kinase 
cascade  to  response  to  extracellular  alterations.  The  recently  cloned  and 
characterized  Stress  activated  protein  kinase  (Sapk)/c-Jun  N-terminal  kinase 

(JNK)  defines  one  of  such  kinase  cascades^’  Even  though  there  is 

overlapping  in  the  activation  of  Sapk  and  Mapk  by  different  stimuli,  cellular 
stress  such  as  heat  shock,  translational  inhibition,  UV  irradiation  and 
inflammatory  cytokines  such  as  TNF-a  and  IL-1  more  efficiently  activate  Sapk 

than  mitogens  which,  in  contrast,  more  strongly  activate  MAPK  .  Both  ras- 
dependent  and  ras-independent  pathways  seem  to  be  involved  in  the  activation 

of  Sapk^’  However,  the  mechanism  by  which  Sapk  is  activated  is  not  clear: 
what  are  the  upstream  kinases  that  activate  Sapk  pathway? 

Results: 

1.  Identification  of  two  serine  residues  which  are 
differentially  phosphorylated  by  Raf-1  and  MEKK(  see 

appendex  A1^  ). 

To  identify  phosphorylation  sites  on  MEK-1,  we  relied  on  a  T7  promoter  based 
mammalian  cell  overexpression  system  ’  that  has  been  very  well  adapted 
and  extensively  used  in  our  laboratory.  The  vector  pTMl  we  used  has  been 
modified  to  encode  one  of  two  different  peptide  epitopes  that  are  placed  in  the 
amino-terminal  of  expressed  kinases.  One  epitope  tag  "EE"  (EEEEYMPME)  is 
derived  from  middle  T  antigen  of  polyomavirus  and  the  other  one  "HA"  epitope 
(YPYDVPDYA)  from  influenza  virus. 

Expression  plasmids: 

cDNA  of  Rat  MEK-1  was  cloned  by  reverse  transcriptase-polymerase  chain 
reaction  according  to  published  sequence  and  then  subcloned  into  5'EE  pTMl. 

ARaf  is  a  truncated  form  of  human  Raf-1  (obtained  from  ATCC),  in  which  the  N- 
terminal  303  amino  acids  are  deleted.  A  cDNA  of  p42  Mapk  was  obtained  from  Dr. 
Micheal  Weber  and  also  cloned  into  the  5'EEpTMl  or  5'HApTMl.  AMEKK,  an  N- 
terminal  367  deletion  form  of  MEKK1  was  cloned  by  Louis  Parrott  in  our  Lab 
using  RT-PCR  and  expressed  as  a  5'EE  or  5'HA  tagged  protein  using  pTMl  as  a 
vector.  In  addition,  "KR"  mutants  for  each  of  the  kinases  were  generated  by 
substituting  the  conserved  Lysine  residue  in  the  kinase  domain  with  Arginine: 
for  ARaf,  K375R;  for  AMEKK,  K447R;  for  MEK-1,  K97R;  and  for  MAPK  ,  K46R.  A  PCR 
based  site-directed  mutagenesis  method  was  used  to  make  all  these  mutants. 
Reconstitution  of  MAPK  activation  in  T7  overexpression 
system 

In  vaccinia  T7  overexpression  system,  when  MAPK  was  singly  expressed,  it 
appeared  as  a  single  band  which  represents  unphosphorylated  and 
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enzymatically  inactive  form  of  MAPK  (  as  confirm  by  in  vivo  phospho  labeling 
experiment  and  in  vitro  kinase  assay).  Coexpression  with  MAPK  activator  MEK-1 
did  not  change  this  pattern.  However,  coexpression  with  either  ARaf  or  AMEKK 
resulted  in  the  appearance  of  a  slow  migrating  band  of  MAPK  which 
corresponded  to  the  phosphorylated  and  kinase  active  form  of  MAPK.  Inclusion 
of  MEK-1  in  the  transfection  almost  completely  converted  MAPK  into  the  upper 
band  .  Therefore  activation  of  MAPK  can  be  reconstituted  in  this  system. 

In  vitro  phosphorylation  of  MEK-1  by  ARaf  and  AMEKK. 

In  order  to  identify  the  phosphorylation  site(s)  on  MEK-1,  the  first  piece  of 
information  needed  to  know  is  which  type  of  amino  acid  is  phosphorylated.  To 
do  this,  EE  tagged  MEK-1  KR  (as  substrate)  and  ARaf  and  AMEKK  were  expressed 
in  CV1  cells  individually  and  purified  by  immunoprecipitation  followed  by 
elution  with  EE  peptide.  The  eluted  proteins  were  then  used  for  in  vitro  kinase 
assays.  The  phosphoproteins  were  separated  on  SDS-PAGE,  electrotransfered  to 
Immobilon  and  visualized  by  autoradiography.  Both  purified  ARaf  and  AMEKK 
can  strongly  phosphorylate  MEK-1  KR.  The  phosphoamino  acid  analysis 
indicated  that  both  ARaf  and  AMEKK  phosphorylate  MEK-1  only  on  serine 
residues. 

Serine  218  is  one  of  the  phosphorylation  site 

If  activation  of  MEK  is  conserved  through  its  evolution,  we  speculate  that  the 
significant  serine  residues  should  either  be  identical  in  other  alleles  or  possibly 
altered  to  threonine  residues.  Based  on  this,  some  of  the  potential  serine 
residues  were  individually  mutated  to  alanines  in  the  background  of  KR  MEK-1 
and  similar  in  vitro  kinase  assay  was  performed.  Of  these  mutants,  S218A 
demonstrated  significantly  reduced  phosphorylation  level  even  though 
comparable  amount  of  protein  was  used  ,  suggesting  serine  218  is  a  possible 
phosphorylation  site.  To  confirm  this,  I  took  advantage  of  the  fact  that  MEK-1 
was  only  phosphorylated  on  serine  residue(s)  and  mutated  this  codon  to  a 
threonine  residue.  The  level  of  phosphorylation  of  this  S218T  mutant  by  AMEKK 
was  equivalent  to  that  of  the  wild  type  MEK-1.  Significantly,  about  80%  of  the 
radiophosphate  was  contributed  by  threonine  residue  with  the  remainder  by 
serine  residue.  Therefore,  S218  is  one  of  the  phosphorylation  sites. 
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Identification  of  another  phosphorylation  site 

One  of  chymotryptic  phosphopeptide  obtained  from  the  in  vitro  labeled  S218T 
MEK-1  contained  both  phosphoserine  and  phosphothreonine(  data  not  shown), 
suggesting  that  at  least  another  phosphoserine  was  localized  in  the  same  peptide 
as  phosphothreonine  218  did.  Serine  218  lies  within  a  domain  similar  to  one  in 
MAPK  phosphorylated  on  two  clustered  residues.  This  led  us  to  speculate  that 
MEK-1  might  be  doubly  phosphorylated  in  a  similar  manner.  Each  of  the  two 
serines  near  Serine  218  (serine  212  and  serine  222)  was  mutated  to  threonine 
and  only  S222T  MEK-1  could  be  phosphorylated  on  threonine  residue  by  ARaf  or 
AMEKK,  suggesting  serine  222  was  another  phosphorylation  site.  Finally,  the 
double  mutants  S218T/S222T  was  only  phosphorylated  on  threonine  while 
S218A/S222A  was  just  barely  phosphorylated.  Therefore  serine  218  and  serine 
222  are  two  phosphorylation  sites  by  ARaf  and  AMEKK. 

Raf  and  MEKK  show  different  site  preference  for  MEK 
phosphorylation. 

The  phosphorylation  kinetics  analysis  of  codon  218  and  codon  222  using 
mutants  MEK  S218T  and  MEK  S222T  as  substrates  revealed  that  AMEKK 
phosphorylate  codon  218  more  rapidly  than  codon  222  irrespective  of  whether  it 
was  a  serine  or  threonine,  contrary  to  ARaf  which  phosphorylated  these  two 
codons  nearly  equally  at  all  time  points. 

Phosphorylation  of  these  two  sites  is  important  for  MEK-1 

activation  in  vitro. 

In  order  to  activate  MEK-1  in  vitro,  ARaf  and  AMEKK  immunopurified  from 
transfected  CV1  cells  were  used  to  phosphorylate  wild  type  MEK-1  or  double 
alanine-substituted  MEK-1  in  the  presence  of  50  uM  cold  ATP  in  kinase  reaction 
buffer  for  30  minutes.  KR  MAPK  was  then  added  together  with  y-^P-ATP  and 
the  kinase  reactions  were  stopped  after  another  30  minutes  incubation.  Both 
ARaf  and  AMEKK  were  able  to  activate  wild  type  MEK-1  in  vitro,  whereas 
S218A/S222A  mutant  was  unable  to  be  activated. 

Phosphorylation  of  these  two  sites  is  important  for  MEK-1 

activation  in  vivo. 

To  test  whether  phosphorylation  of  these  two  serine  residues  which  are 
phosphorylated  in  vitro  is  important  for  MEK-1  activation  in  vivo,  the  effects  of 

mutations  of  either  one  serine  residue  to  a  nonphosphorylatable  alanine  were 

evaluated.  Wild  type  MEK-1,  single-site  MEK  mutants  or  double-site  mutant  (  all 
N-terminal  "EE"  tagged)  were  coexpressed  with  either  wild  type  ARaf  or  KR  ARaf 
(  not  tagged)  in  CV1  cells.  The  epitope  tagged  MEK  were  immunopurified  by  Affi- 
Gel  beads  coupled  with  anti-EE  antibody  and  kinase  activities  were  measured  by 
using  KR  MAPK  as  a  substrate.  Both  single-site  mutations  partially  reduced  the 
activities  of  MEK-1  while  double-site  mutation  completely  eliminated  the  kinase 
activity  of  MEK-1. 

2.  Activation  of  stress  activated  kinase  pathway  by 
MEKK  ( see  appendex  B^) 

As  an  initial  step  to  study  the  function  of  MEKK  in  vivo,  we  have  attempted  to 
establish  cell  lines  able  to  stably  overexpress  AMEKK.  AMEKK  was  cloned  into  a 
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CMV  promoter-based  vector  that  has  been  modified  to  attach  an  N-terminal  "EE" 
epitope  tag  to  the  open  reading  frame  of  gene  of  interest.  In  transient 
transfection  experiments,  the  expression  of  "EE"  AMEKK  was  easily  detected  by 
immunoblot  using  "EE"  antibody.  However,  I  have  failed  to  obtain  stable  cell 
lines  that  expressed  detectable  amount  of  AMEKK  from  Hela  cells,  NIH3T3  cells, 
Rat-1  cells  and  CV1  cells.  In  parallel  experiments,  we  successfully  obtained  cell 
lines  that  overexpressed  MEK.2E  (a  constitutively  active  MEK  mutant 
substituting  two  glutamic  acids  for  serine  residues  that  are  phosphorylated 
during  activation).  Moreover,  when  AMEKK  expression  plasmid  was 
cotransfected  with  drug  resistance  plasmid,  the  number  of  colonies  after  drug 
selection  was  much  fewer  compared  with  that  of  the  control  transfection.  All 
these  suggested  that  stable  overexpression  of  AMEKK  was  lethal  to  or  growth 
inhibitory  on  cells  tested.  To  overcome  the  problem  associated  with  constitutive 
overexpression,  I  turned  to  an  inducible  expression  system  to  study  the 
biological  function  of  MEKK  in  vivo. 

Establishment  of  NIH3T3  cell  lines  that  inducibly  expressed 

AMEKK. 

The  LacSwitch  system  (Strategen)  was  chosen  to  establish  the  inducible 
expression  cell  lines.  The  AMEKK  including  N-terminal  "EE"  epitope  tag  was 
cloned  into  the  pRSV-IOP3  vector  whose  expression  was  detected  by 
immunoprecipitation  followed  by  anti-EE  immunoblot. 

NIH3T3  cells  were  transfected  with  p3'SS  and  pEE-AMEKK-IOP3  at  a  ratio  of  3:1 
using  standard  Calcium  phosphate  method.  The  cells  were  let  to  recover  for  one 
day  before  splitting  into  selection  medium  containing  500  ug/ml  G418. 

Individual  clones  were  picked  and  grown  up.  The  inducibility  of  AMEKK 
expression  of  each  G418  resistant  clone  was  tested  in  the  presence  or  absence  of 
1  mM  IPTG.  Of  about  30  clones  tested,  one  third  of  them  turned  out  to  be  positive 
and  two  of  them  which  displayed  the  lowest  basal  level  and  the  highest 
inducibility  of  AMEKK  expression  were  chosen  for  further  studies. 

Inducible  expression  of  AMEKK  by  IPTG. 

The  expression  of  AMEKK  could  be  clearly  detected  after  12  hours  of  IPTG 
induction.  Significantly,  the  effect  on  Sapk  activation  was  detectable  only  after 
3  hours  induction  by  IPTG(see  below). 

Cell  growth  inhibition  associated  with  AMEKK  expression 

One  apparent  consequence  of  IPTG  induction  was  the  cell  growth  inhibition,  a 
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common  characteristics  of  all  inducible  clones,  even  though  to  various  extent. 
Actually,  these  cells  demonstrated  slower  cell  growth  than  parental  NIH3T3  cells 
even  without  IPTG,  possible  due  to  leaky  expression  of  AMEKK  within  these  cells. 
The  mechanism  of  this  observed  cell  growth  inhibition  is  not  clear. 

Activation  of  SAPK  but  not  MAPK  by  MEKK  in  vivo. 

If  MEKK  is  an  activator  of  MEK  as  Raf,  it  is  expected  that  expression  of  AMEKK 
would  activate  MAPK  in  these  cells.  To  our  surprise,  induction  of  AMEKK 
expression  in  these  two  clones  had  no  effect  on  MAPK  activation.  However,  in 
these  cells  the  MAPK  pathways  were  still  functional  because  treatment  of  TPA 
strongly  activated  MAPK.  TPA  did  not  activate  SAPK  in  these  cells,  consistent 
with  the  previous  report  that  in  NIH3T3  cells  SAPK  was  not  activated  by  TPA 
treatment.  Then  we  tested  whether  SAPK  could  be  a  downstream  target  of  MEKK. 
Indeed,  induction  of  IPTG  activated  SAPK  in  the  inducible  cells  but  not  in  the 
parental  cells.  The  activation  of  SAPK  was  evident  3  hours  after  induction  and 
reached  maximum  after  12  hours,  while  MAPK  activities  remained  essentially 
unchanged  throughout  the  23  hour  incubation  with  inducer.  Taken  together, 
these  results  suggested  that  MEKK  can  function  to  activate  SAPK  pathway  which 
is  separated  from  MAPK  pathway.Therefore  MEKK  appears  to  have  a  distinct 
role  in  activating  downstream  signals  from  Raf-1.  At  least  in  the  experimental 
system  I  have  used,  MEKK  differentially  activate  Sapk  pathway  but  not  MAPK 
pathway.  Furthermore,  in  collaboration  with  other  laboratories,  we  have  shown 
that  MEKK  can  directly  phosphorylate  and  activate  the  SAPK  activator  SEK  in 
20 

vivo  and  m  vitro  . 

Conclusions: 

In  vitro  and  in  vivo  overexpression  system,  both  Raf  and  MEKK  can 
phosphorylate  and  activate  MEK  by  phosphorylating  two  critical  residues  S218 
and  S222.  Biochemically,  however,  Raf  and  MEKK  are  not  identical  because  Raf 
shows  no  preference  to  these  two  sites  while  MEKK  differentially 
phosphorylate  one  of  them.  In  the  inducible  expression  system,  the  relatively 
low  level  expression  of  AMEKK  specifically  activated  the  SAPK  pathway  but  not 
MAPK  pathway  which  was  preferentially  activated  by  TPA  treatment. 
Appreciation  of  these  two  distinct  signaling  pathways  will  help  better 
understand  the  growth  regulation  of  both  cancer  and  normal  cells  in 
response  to  diverse  external  signals. 
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The  signal  transduction  kinase  MEK  (mitogen-acti¬ 
vated  protein  (MAP)  or  extracellular  signal-regulated 
(Erk)  kinase)-l  is  activated  via  phosphorylation  by 
MEKK  (MEK  kinase)  and  raf  kinases.  We  show  here  that 
these  two  kinases  phosphorylate  rat  MEK-1  exclusively 
on  two  serine  codons,  Ser218  and  Ser222.  Phosphorylation 
of  MEK-1  on  serines  218  and  222  is  both  necessary  and 
sufficient  for  MEK-1  to  be  activated  and  able  to  phos¬ 
phorylate  MAP  kinase.  A  mutant  form  of  MEK-1  that 
replaces  these  two  codons  with  alanine  cannot  be  acti¬ 
vated,  and  one  that  substitutes  glutamic  acid  residues  in 
place  of  these  2  serines  is  active  independent  of  activa¬ 
tion  by  phosphorylation.  These  sites  of  activation  occur 
in  a  region  of  MEK-1  that  is  similar  to  sites  of  activating 
phosphorylation  in  several  other  serine/threonine  ki¬ 
nases,  suggesting  that  this  region  may  represent  a  con¬ 
served  “activating  domain”  of  many  kinases.  MEKK  and 
raf  display  differences  in  site  preference  between  these 
two  codons,  with  MEKK  showing  preference  for  the 
amino  acid  at  codon  218  and  raf  phosphorylating  each 
residue  approximately  equally.  This  site  preference 
might  result  in  differences  in  the  temporal  or  subse¬ 
quent  substrate  patterns  of  MEK  activation  that  result 
from  these  two  activation  pathways. 


Cell  growth  signal  transduction  is  frequently  accompanied 
by  phosphorylation  and  activation  of  MAP1  kinase,  as  reviewed 
recently  (1).  Two  kinases  capable  of  activating  MAP  kinase 
have  been  cloned,  one  termed  MEK-1  (MAP  or  Erk  kinase; 
alternatively  MAP  kinase  kinase-1)  (2,  3)  and  the  other  MAP 
kinase  kinase-2  (4).  MEK-1  is  in  turn  activated  by  phospho¬ 
rylation  by  the  v-raf  oncoprotein  (5).  Activation  of  c -raf  is 
stimulated  by  the  ras  activation  pathway,  and  recently  direct 
interaction  of  c -raf  with  the  ras  oncoprotein  has  been  demon¬ 
strated  (6-9). 

A  kinase  structurally  unrelated  to  raf  is  similarly  able  to 
phosphorylate  and  activate  MEK-1.  This  kinase,  termed  MEK 
kinase  (or  MEKK)  because  it  lies  immediately  upstream  of 
MEK,  has  recently  been  cloned  (10),  and  several  groups  have 
characterized  the  enzymatic  activity  (see  Ref.  11  for  review). 
Although  the  growth  signal  that  passes  through  MEKK  might 
originate  separately  from  the  signal  that  passes  through  raf  ,  the 
net  effect,  Le.  activation  of  MAP  kinase,  seems  equivalent  (10). 

Since  MEK-1  lies  at  the  convergence  of  signaling  pathways 
that  may  have  distinct  origins,  the  molecular  details  of  MEK 
regulation  are  important.  We  have  investigated  the  nature  of 


*  The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the 
payment  of  page  charges.  This  article  must  therefore  be  hereby  marked 
Advertisement”  in  accordance  with  18  U.S.C.  Section  1734  solely  to 
indicate  this  fact. 

1  The  abbreviations  used  are:  MAP,  mitogen-associated  protein;  MEK, 
MAP  or  extracellular  signal-regulated  (Erk)  kinase;  MEKK,  MEK  ki¬ 
nase;  MAPK,  MAP  kinase;  MOPS,  4-morpholinepropanesulfonic  acid; 
PAGE,  polyacrylamide  gel  electrophoresis. 


MEK-1  activation  by  raf  and  MEKK  and  have  developed  in  vivo 
and  in  vitro  systems  to  model  the  activation  of  MEK.  Using 
these  model  systems,  we  have  identified  the  amino  acid  resi¬ 
dues  upon  which  raf  and  MEKK  phosphorylate  MEK-1  and 
show  here  that  these  sites  are  necessary  for  activation  of 
MEK-1  in  vitro  and  in  vivo . 

EXPERIMENTAL  PROCEDURES 

Cell  Culture  and  Gene  Expression — Kinases  were  expressed  in  CV1 
monkey  kidney  cells  (ATCC)  maintained  in  Dulbecco’s  modified  Eagle’s 
medium  with  10%  calf  serum  using  the  plasmid  vector  pTMl  (12,  13), 
which  encodes  protein  products  under  the  control  of  the  bacteriophage 
T7  promoter.  To  express  the  proteins  in  eukaryotic  cells,  the  plasmid- 
transfected  cells  were  infected  with  the  recombinant  vaccinia  virus 
vector  vTF7-3  that  encodes  the  T7  RNA  polymerase  and  then  were 
transfected  with  the  plasmid  vector.  Transfection  and  infection  of  CV1 
cells  using  this  system  has  been  described  previously  (14). 

Plasmid  Constructions — Rat  MEK-1  (2)  and  mouse  MEKK  (10)  were 
cloned  by  reverse  transcriptase-polymerase  chain  reaction  using  prim¬ 
ers  designed  from  the  published  sequence.  The  coding  regions  were 
expressed  as  an  epitope-tagged  protein,  with  a  synthetic  amino-termi¬ 
nal  epitope  (EEEEYMPME,  termed  “EE”)  derived  from  middle  T  anti¬ 
gen  of  polyomavirus.  This  antibody,  and  suggestions  for  its  use,  were 
from  Gemot  Walter,  University  of  California,  San  Diego.  In  this  paper, 
we  have  used  exclusively  a  truncated  active  fragment  of  MEKK,  repre¬ 
senting  a  deletion  of  the  amino-terminal  367  amino  acids,  termed 
AMEKK.  A  tmneated  active  form  of  c -raf,  in  which  the  303  amino- 
terminal  amino  acids  are  deleted,  was  also  used  in  these  experiments 
(termed  A  raf)  and  was  also  epitope  tagged  with  the  EE  epitope.  A  cDNA 
encoding  murine  MAP  kinase  (p42)  was  obtained  from  Michael  Weber 
(University  of  Virginia)  and  was  modified  by  addition  of  an  amino- 
terminal  EE  epitope  as  for  the  other  kinases.  Inactive  “KR”  mutations 
used  were,  for  A  raf,  K375R;  for  AMEKK,  K447R;  for  MEK-1,  K97R;  and 
for  MAPK,  K46R. 

Mutagenesis — A  variation  of  the  “megaprimer”  PCR  method  of  mu¬ 
tagenesis  (15)  was  used.  Small  restriction  fragments  containing  the 
mutagenized  region  were  subcloned  into  unmutagenized  plasmids  and 
the  entire  mutagenized  region  sequenced  to  assure  against  unexpected 
mutations. 

Immunopurification  of  Kinases — Transfected  cells  expressing 
epitope  tagged  kinases  were  lysed  in  MLB  (50  mM  MOPS-Na,  pH  7.0, 
250  mM  NaCl,  5  mM  EDTA,  0.1%  Nonidet  P-40,  and  1  mM  dithiothreitol, 
containing  the  protease  inhibitors  aprotinin  (2.5  pg/ml),  leupeptin  (2.5 
pg/ml),  and  phenylmethylsulfonyl  fluoride  (50  pg/ml)  and  the  phospha¬ 
tase  inhibitors  NaF  (10  mM),  sodium  pyrophosphate  (5  mM),  Na3V04  (1 
mM),  and  /3-glycerol  phosphate  (10  him).  After  clarification  of  the  cell 
extracts,  epitope-tagged  kinases  were  precipitated  using  Affi-Gel  10 
beads  (Bio-Rad)  coupled  to  purified  EE  monoclonal  antibody  (3  mg  of 
antibody/ml  of  gel).  To  purify  protein  from  107  transfected  cells,  20  pi  of 
this  affinity  matrix  was  used.  Immune  complexes  were  collected  and 
washed  in  MLB  by  spin  filtration  using  microfiltration  columns  (“Com¬ 
pact  Reaction  Columns,”  U.  S.  Biochemical  Corp.).  Bound  proteins  were 
eluted  overnight  in  25  pi  of  elution  buffer  (50  mM  Tris-Cl,  pH  7.4,  0.5  mM 
dithiothreitol,  10  mM  /3-glycerophospliate,  1  mM  Na3V04,  20%  glycerol), 
including  40  pg/ml  EE  peptide  (N-Ac-EEEEYMPME-COOH),  and  the 
filtrate  recovered  by  centrifugation.  Typically,  the  resulting  solution 
contained  50-200  ng  of  kinase/pl,  and  the  immunopurified  kinase  is  the 
only  protein  detected  using  Coomassie  gel  staining. 

In  Vitro  Phosphorylation — Routinely,  1  pi  of  the  recovered  kinase 
from  the  procedure  above  was  used  to  phosphorylate  4  pi  of  an  identi¬ 
cally  purified  kinase  substrate.  The  20-pl  reaction  mixture  contained  10 
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Fta  X.  In  bii>o  modeling  of  MaPK  and  MEK-1  activation.  MaPK 
was  exprtu* d  in  CV1  cell*  together  with  MEK-1  with  or  without  octi- 
vattd  forms  of  MEKK  or  raf  iu  indicated.  Each  of  the  kin&aoa  were 
tagged  with  an  amino-terminal  synthetic  epitap*  (*EE*),  and  the  «x- 
pretffiion  of  each  protein  was  monitored  using  anti-EE  antibody  for 
immunoblothng.  MAPK  expressed  alone  [lane  1 )  ia  minimally  phospho- 
rylnt^d,  as  evidenced  by  the  absence  of  the  slowly  migrating  phoepho- 
rylated  form.  Co-expreision  of  MEK  with  MAPK  (l&n*  2)  is  insufficient 
to  increase  MaPK  phosphorylation,  unless  an  activating  kinase  auch  as 
raf  (lanes  3  and  4)  or  MEKK  (/one*  5  and  61  is  included.  In  this  cub®, 
MEK  display*  tevaral  forme  with  reduced  mobility  consistent  with 
phosphorylation.  MaPK  is  phoiphoxylatcd  in  ruaponev  to  thft  raf  or 
MEKK  activators,  even  more  so  in  conjunction  *ith  MEK-1,  Addition¬ 
ally,  braf  showa  a  slowly  migrating  phoephctylated  band,  eepedally 
when  expressed  togathcr  with  MEk  (/an*  4). 

ATP,  10  pCi  of  [^“PJATP,  In  50  mx  Trie  Cl,  pH  7.4,  0.6  mM  cUthio- 
threitel,  10  mx  MgCl,.  After  30  min  at  room  temperature,  reaction  ^iub 
stopped  by  the  addition  of  SDS/dlthiothnritol  sample  buffer  and  boiling. 
Because  we  found  that  the  epitope-tagged  araf  kinase  won  only  frac¬ 
tionally  eluted  from  the  bends  using  this  procedure,  in  some  reactions 
(those  in  Pig.  7)  reaction*  were  performed  UBing  kinases  that  remained 
attached  to  the  Immune  affinity  bead*,  Kinase  reaction  eondjtionn  were 
otherwise  as  shown  above, 

PKotphocuntKo  Acid  Analysis — Phoophoprotcjn s  blotted  onto  Immo- 
bOon  w^ro  hydrolyzed  in  6  m  HC1  at  110  far  1  h  according  to  Korops 
(16)  and  analysed  by  thin  layer  dcctrophoreflia  at  pH  3.5- 

RESULTS 

Expression  of  Signal  TYansduction  Kineses*— We  uaad  the  T7- 
polymerate  gene  expression  system  of  Moss  (L2r  13)  to  oxpre&s 
MAP  kinase  (p42),  MEK-1,  and  truncated  kinaae-active  ver¬ 
sions  of  MEKK  and  raf,  either  alone  or  in  combinations  within 
cells.  To  monitor  expression  of  theee  protein  kinawe.  and  to 
afford  simple  me  ana  of  micropuiiflcation  of  the  wild  type  or 
mutant  forms,  we  modified  each  of  the  proteins  by  the  addition 
of  &  10-amino  acid  synthetic  epitope  to  the  amino  terminus  of 
each  protein.  Each  of  the  kinases  ia  thus  identifiable  by  West¬ 
ern  blotting  against  the  synthetic  epitope  (termed  EE)  and  can 
be  immurvopurifled  under  nondenaturing  conditions. 

When  expressed  alone  ueing  this  system,  MAPK  is  almost 
completely  unphosphorylated  (as  shown  in  Fig.  1,  lane  1 ),  and 
phosphorylation  of  MAPK  ia  unaffected  by  co- expression  of 
MEK-1  (lane  2).  This  is  probably  because  MEKitatlf  ic  dc pend¬ 
ent  upon  upstream  activation.  When  MAPK  ia  expressed  to¬ 
gether  with  either  &raf  or  AMEKK,  increased  phosphorylation 
of  MAPK  is  aeon,  evidenced  by  *  hand  with  reduced  electro¬ 
phoretic  mobility.  Inclusion  of  MEK  with  these  kinases  results 
in  nearly  complete  phosphorylation  of  MAPK  (Zones  4  and  6), 
aPP&r®nUy  due  to  expression  of  a  complete  activation  pathway. 
In  these  lanes,  MEK  also  shown  a  reduced  electrophoretic  mi¬ 
gration  compared  with  when  it  is  expressed  alone.  This  change 
reflects  phosphorylation  of  MEK  on  serine  and  threonine  resi¬ 
dues  (17)  possibly  from  phosphorylation  by  Araf  or  AMEKK  or 
by  retrograde  phosphorylation  of  MEK  by  MAPK  or  other  ki- 
nagea. 

In  Vitro  Phosphorylation  of  MEK-l  by  MEKK  and  raf— 
Activation  of  MEK-1  wag  also  modeled  in  vitro  using  the  active 
forms  of  MEKK  or  raf  to  phoiphoiylate  MEK-1.  Tb  do  this,  we 
immunopuxlfied  epitope-tagged  forms  of  both  of  these  kinases 


1  2  3 

fio  2.  Phosphorylation  of  MEK-1  in  vitro .  AMEKK  and  Lraf 
Immunommfied  as  described  under  ‘Experimental  Procedure* 
and  used  to  phaiphoiylate  a  kinase  inactive  form  of  MEK-l,  termed 
MEK-KR,  MEK-KR  is  strongly  pho?phoryl*ted  by  both  MEKK  szid  raf  \ 
but  ip  devoid  af  auiQpbQBphorylating  activity,  mne©  it  la  not  phospbo- 
ryiated  when  Incubated  without  the  other  kinases  (Lone  3\  AMEKK  is 
also  dtrongly  pboflphorylated,  and  arxxf  is  slightly  phpaphoryUud, 
fointly  visible  in  Ibis  experiment,  migrating  between  AMEKK  and 


(see  “Experimental  Procedures*)  and  similarly  purified  a  ki¬ 
nase  inactive  mutant  of  MEK-1  (containing  a  lysine  to  arginine 
mutation  within  the  ATP  binding  domain  of  the  kinase  (18)).  An 
example  of  this  is  shown  in  Fig.  2,  in  which  both  AMEKK  and 
&raf  arc  used  to  phosphorylate  MEK-KR  protein  (lanes  l  and 
2 ),  whereas  the  preparation  of  substrate  MEK-KR  is  itself  com¬ 
pletely  devoid  of  phosphorylatlng  activity  (lane  3).  AMEKK  is 
aleo  strongly  pbosphorylatad,  apparently  through  an  autoenta- 
lytic  reaction,  whereas  A  raf  is  weakly  phosphorylatcd  (/one  2t 
but  more  clearly  seen  in  Fig.  4),  In  experiments  not  shown,  we 
found  that  MAPK  phosphcrylated  MEK-1  on  serine  and  threo¬ 
nine  residues,  whereas  MEKK  and  raf  phoaphoxylated  exclu¬ 
sively  aerine  rimdues,  Since  raf  and  MEKK  are  able  to  phoa- 
phoxylatc  MEK-1  only  on  serine  residues,  and  this 
phosphorylation  was  sufficient  to  activate  MEK  kinase  activity 
(m  Figs.  4  and  5  below),  we  focused  on  serine  residues  as 
potential  sites  of  activating  phosphorylation. 

Identifying  the  Sites  of  MEK-l  Phosphorylation  by  raf  and 
AfEKK-^Lajcrpectton  of  the  predicted  amino  acid  sequence  of  the 
rat  MEK-1  protein  reveals  IB  serine  residues,  of  which  some 
are  not  conserved  in  MEK  alleles  or  the  homologous  counter¬ 
parts  of  MEK  in  other  species.  If  activation  of  MEK-1  is  con¬ 
served  through  its  evolution,  we  predicted  that  the  significant 
aerine  residues  should  either  be  identical  in  other  alleles  or 
poeeibly  oould  be  altered  to  threonine  residues.  Based  on  these 
suppositions,  we  initiated  a  program  of  directed  mutagenesiB 
targeting  several  serine  codons,  preparing  these  mutants  in  a 
background  of  the  inactivated  K96R  MEK  mutant  to  eliminate 
aut opho j  phory  1  *ti  on  by  MEK 

Phosphorylation  of  mutant  MEK  proteins  using  AMEKK  or 
Araf  kinases  showed  that  mutant  S2  ISA  demonstrated  reduced 
phosphorylation  despite  equivalent  expression  level  e  (not 
shown).  However,  mutation  of  this  residue  might  have  caused 
unpredictable  changes  in  protein  conformation,  resulting  in 
decreased  phosphorylation  at  a  distant  site.  Tb  confirm  phos¬ 
phorylation  of  serine  218  genetically,  we  mutated  this  codon  to 
a  threonine  residue.  The  level  of  phosphorylation  of  mutant 
protein  S218T  by  AMEKK  was  equivalent  to  that  of  the  wild 
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type  protein.  However,  about  80f„  of  the  radiophosphate  in  this 
mutant  pro  tom  localized  to  threonine  residues  with  th» 

remainder  on  serine  residues.  Because  a  email  amount  of  phos- 
phooerine  wtt8  still  detected  in  mutant  S218T,  we  surmised  that 
atW  one  more  site  of  serine  phosphorylation  wee  present  on 

We  Identified  the  additional  phosphorylation  site  baaed  on 
two  observations.  First.  one  of  two  chymotryptic  peptides  ob- 
wned  during  peptide  mapping  of  the  in  vitro  labeled  MEK 
S218T  mutant  contained  both  phosphoscrine  and  phospho- 
threonlne  (data  not  shown),  This  suggested  that  the  two  phos¬ 
phorylation  aitee  were  contained  within  the  same  ehymotryptic 
peptide.  Second,  the  Ser™  reeidue  lies  within  a  domain  similar 
to  onein  MAP  kinase  phosphorylated  on  two  clustered  residue* 
(see  Fig.  S).  This  lead  us  to  speculate  that  MEK  might  be 
doubly  phoephorylated  m  a  similar  cluster.  We  subsequently 
mutated  each  of  the  two  eerine  residues  near  Ser“B.  creating 
threonine  codons,  and  found  that  only  one  of  these  mutant 
proteins  (S222T)  was  phosphorylated  on  threonine.  A  double 
mutant  m  which  both  oerine  codons  at  218  and  222  are  altered 
u°  contained  no  phosphoaerine  when  phosphorylated 

by  MEKR  or  raf.  These  experiments  are  shown  in  Fig.  3. 

Those  data  show  that  activated  raf  and  MEKK  phospho- 
rylate  the  same  2  reBiduee  on  MEK-1.  MEKK  shows  apparent 
preference  for  tha  Ser8”  residua  in  vitro,  whereas  m/phospho- 
rylam*  each  site  roughly  equivalently,  based  on  tha  levels  of 
phosphorylation  of  the  individual  threonina  mutants.  This  ob- 
servation  ie  examined  more  closely  below  in  Fig.  7.  Addition¬ 
ally,  the  data  in  Fig.  3  show  that  no  sites  other  than  the  Berines 
at  218  and  222  are  phosphorylated,  since  the  218T/222T  mu- 
tint  aisplaya  no  phoephoaerine,  and  the  \rild  type  protein  di*- 
plays  no  phosphorylation  on  threonine  or  tyrosine. 

Do  the  Identified  Sites  Confer  "Actio (liability1  to  MEX-1  in 
Vivo?  If  Ssr11  and  Ser388  are  required  to  activate  MEK-1  on 
important  prediction  to  teat  io  that  mutation  of  these  aitee 
would  aliminata  the  ability  of  MEK  to  be  activated  by  raf  or 
MU.KK  in  vivo.  To  tew  this  prediction,  we  expressed  epitope 
togged  MEK-1  proteins  (wild  type  or  alanine  substitutions  at 
the  218  and  222  sites,  all  EE-tagged)  with  or  without  active 
Arafiproteona  (without  the  EE  epitope  tag  in  this  experiment). 

e  then  specifically  immunopurified  the  epitope-tagged  MEK 
prefiaa  and  assayed  them  for  MAP  kinase  phoephorylotion 
activity  w  vitro.  As  shown  in  Fi».  4,  both  of  the  single-site 
mutant  proteins  are  still  partly  aetivatod.  Ctoly  the  double  al- 
anrne  mutant  demonstrated  no  acuity  either  in  the  presence 
or  absence  of  ra/JHius  both  Set*“  and  Ser*8  contribute  to  th. 
aetivatabihty  of  MEK  by  raf.  The  wild  type  MEK-1  protein  was 
activated  by  co-expression  with  araf.  but  clearly  displays  some 
boaol  actmty  even  in  the  absence  of  co-transfected  active  raf. 
Since  the  plasmid-encoded  prot.ine  are  expressed  in  the  full 
context  of  normal  cellulor  proteins,  this  low  level  of  MEK  acti¬ 
vation  almost  certainly  results  from  activation  by  uncharaetor* 
i»d  cellular  kinase(B),  probably  Including  but  not  exclusively 
the  endogenous  raf  and  MEKK  kinaeee. 

Do  the  Sites  Confer  ActioatabilUy  in  Vitro?— Since  the  acti¬ 
vation  of  MEK-1  by  raf  in  Fig.  4  occurred  in  Intact  cells,  it  re¬ 
mained  possible  that  activation  of  MEK  was  not  a  result  of  raf, 
butrather  by  an  intermediate  ra/r-eetivateil  kinase.  Tb  model  the 
activation  of  MEK  in  vitro.  we  purified  raf  and  MEKK  and  used 
these  kinase  a  to  phosphorylate  MEK  or  the  alanine-substituted 
mutant,  in  the  presence  of  unlabeled  ATP.  Phosphorylated  MEK 
Prot*?  *'os  111611  Incubated  with  an  inactive  mutant  (K46R)  of 
MAPKto  quantify  MEK  activity.  Aa  shown  to  Fig.  5.  both  taf  and 
MEKK  are  able  to  activate  wild  type  MEK-1  in  vitro ,  whereas 
the  mutant  substituting  alanine  reaidu«e  at  codons  218  and  222 
is  unable  to  be  activated.  Thua,  these  codona  are  required  for 
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°l  "“f*  pho*phoryUt«d  on  MEK-1  by  raf 
phosphorylation  nto*  were  identified  ae  do- 
«mh<td  in  the  text,  and  mutations  of  each  sit.  ware  made  to  which  these 
«1Ui iwm  both  altered  to  alanine  residue*  or  wore  changed  stoiily  or 
r4‘duM'  EaeK  MEKproUto  also  contained  the 
v*  ,  *.•  7?!?, rauurion  ‘o  prevent  autophoophoiylation.  a  phos- 

phaxylntion  of  MEK  mutants  by  ref  or  MEKK  Immunopurified  MIK-1 
SJgSL’-tS'  w®!*.  hicubated  in  vitro  with  immunopuriGed 
a£tT fZw'  I~S)  °r  'V|th  fcofUan ss  5-JO)  togathor  with  **P-Iabeled 
,  •  The  reaction  products  ware  separated  by  SDS-PAGE  followed  bv 

MEK  u  for  autoradiography.  All  mutant 

MEK  proteins  were  phosphorylated  to  approximately  the  same  lavel. 
with  the  axrepnoa  of  th.  3218X/SS22A  double  mutant,  which  wM  not 
phajphoiylatod  by  eithor  activating  kinase.  AMBKK  was  itxonriv  au- 
xJ?#*/  ny *0**  iT  **"?  bastion,  and  Are/  was  weakly  autophoipho- 
n4at«A  B .  phoEphoiuntoo  ncid  analysis  of  in  vhro  phosphorvlated 
MEK-l  mutants.  Bands  of  radiol.bolsd  MEK  from  the  ^.riment 
shown  in  A  (Imtt  J,  3-6,  end  3-10 )  -sm  oxd.^1  from  th.  lmmobiloc 
awmbran.  and  subj.otodto  add  hydrolysis  (*ee  -Exp^m.ntoi  Proc^ 
B<>*ultant  hydrolysates  wsro  ooparswd  by  on**fimensiolwl 
thin  ltgror  electiophoresis  ut  pH  3.5.  The  position  of  unlabeled  pho*- 
phoatmno  acid  markers  is  indicated  by  the  dotted  circles,  as  is  that  of 
j  phosphate  and  the  partially  hydrolysed  papddes.  Both  AMEK3C 
and  Ara/  are  abl*  »  phosphorylate  mutant  threonine  residues  located 
« the  pwiMion  of  the  naturally  phoaphoryUted  aertoss.  No  serine  phos- 
phory laden  Is  soon  m  the  216tm2T  mutant,  domoxmtrailng  that  no 
other  reiiduoB  of  MEK  are  phosphoiylalod  by  these  kinoao*  in  vitro 
ftelattvs  teA-alt  of  phojphoserino  and  phosphothreontoo  quantified  &om 
thii  «5fp«ninejjt  ar«  ahown  b«coath  oiich  lane. 


direct  activation  by  eithor  raf  or  MEKK. 

Mutation  of  the  Activation  Sites  to  Glutamic  Acid  Results  in 
Constitutive  Activation — Sine,  phosphorylation  of  MEK-1  at 
codons  218  and  222  introduce  negative  charges  into  this  por¬ 
tion  of  the  protein  and  results  in  kinaaa  activation,  we  conjec¬ 
tured  that  substitution  of  negatively  charged  amino  adds  at 
these  two  positions  might  similarly  activate  a  mutant  MEK-1 
protein.  Such  a  corutitutivaly  active  allele  would  be  predicted 
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Fig.  4.  Ser218  and  Ser222  are  required 
for  activation  of  MEK  in  vivo .  EE 
epitope-tagged  MEK-WT,  or  alanine  sub¬ 
stitution  mutants  as  indicated,  were  co¬ 
expressed  with  A raf  or  the  inactive  mu¬ 
tant  Ara/-K375R  (that  both  lacked  the  EE 
epitope)  to  assess  activation  of  MEK  by 
A  raf.  EE-tagged  MEK  protein  was  specifi¬ 
cally  immunoprecipitated  using  anti-EE 
Affi-Gel  beads  and  assayed  for  kinase  ac¬ 
tivity  by  incubation  with  inactive  epitope- 
tagged  MAPK-KR  substrate.  Phosphoryl- 
ated  proteins  were  separated  by  SDS- 
PAGE  and  blotting  onto  Immobilon. 
Incorporation  of  radiophosphate  into 
MAPK  was  quantified  using  an  AMBIS 
0-imager  and  is  shown  in  the  top  panel . 
The  autoradiogram  of  this  gel  is  shown  in 
the  middle  panel.  After  quantification, 
the  filter  was  probed  using  anti-EE  mAb 
to  verify  equal  recovery  of  kinases  and 
substrate,  shown  in  the  bottom  panel. 
Wild  type  MEK  was  active  when  ex¬ 
pressed  in  the  presence  of  raf  \  but  not  in 
the  presence  of  the  inactive  mutant  raf. 
Mutation  of  both  sites  to  alanine  codons 
completely  prevented  both  ba‘sal  MEK  ac¬ 
tivity  and  raf  activation.  Mutation  of  in¬ 
dividual  serine  codons  to  alanine  resulted 
in  partial  activation.  Autophosphoryla¬ 
tion  of  MEK  parallels  phosphorylation  of 
the  MAPK  substrate. 


MEK-WT  MEK-2A 


Fig.  5.  Ser218  and  Ser222  are  required  for  activation  of  MEK  in 
vitro  by  MEKK  or  raf.  Immunopurified  MEK-WT  or  MEK  S218A/ 
S222A  mutant  was  activated  in  vitro  with  purified  AMEKK,  A  raf  as 
described  under  “Experimental  Procedures”  using  MAPK-KR  as  sub¬ 
strate.  After  SDS-PAGE  and  autoradiography,  labeled  MAPK  was  ex¬ 
cised  from  the  gel  and  quantified  by  Cerenkov  counting.  MEK-WT,  but 
not  the  S218A/S222A,  mutant  was  efficiently  activated  by  AMEKK  and 
A raf. 

to  be  active  independent  of  activation  by  phosphorylation  by 
upstream  kinases.  To  test  this  hypothesis,  we  constructed  a 
mutant  allele  of  MEK  that  contains  the  two  mutations  S218E 
and  S222E,  termed  MEK-2E.  Immunopurified  MEK-2E  was 
found  to  be  catalytically  active  (see  Fig.  6)  but  a  more  impor¬ 
tant  question  was  whether  the  activity  of  the  MEK-2E  protein 
requires  activation  by  upstream  kinases. 

In  the  experiment  shown  in  Fig.  6,  we  expressed  MEK-WT  or 
MEK-2E  together  in  cells  with  either  A  raf  or  the  kinase-inac¬ 
tive  kraf-KR  mutant  (neither  raf  allele  was  epitope  tagged  in 


Kinase:  None  i-MEK-WTn  r-MEK-2E-i 
raf  activator:  +  —  +  — 

Substrate:  i - MAPK-KR - 1 


Fig.  6.  MEK-2E  allele  is  constitutively  active.  EE  epitope-tagged 
MEK-WT  or  MEK-2E  proteins  were  expressed  together  in  cells  with 
untagged  Ara/*or  the  kinase-inactive  Ara/’-KR  mutant  (designated  +  or 
-  raf  activator).  Activity  of  the  immunopurified  MEK  was  detected 
using  inactive  MAPK-KR  as  substrate,  detecting  phosphorylation  of 
MAPK  by  upward  mobility  shift  on  SDS-PAGE.  MAPK  is  mostly  un- 
phosphorylated  when  incubated  without  MEK  protein  ( lane  1 ).  Incuba¬ 
tion  of  the  MAPK-KR  substrate  with  Ara/*-activated  MEK-1  results  in 
nearly  complete  conversion  of  MAPK  to  the  phosphorylated  form  ( lane 
2),  but  little  conversion  if  MEK-1  is  co-expressed  with  the  inactive  raf 
allele  ( lane  3).  The  MEK-2E  mutant  protein  is  also  able  to  effect  com¬ 
plete  conversion  of  the  MAPK-KR  substrate  to  the  phosphorylated  form, 
either  when  expressed  with  ( lane  4)  or  without  {lane  5)  active  raf 
kinase.  Thus  MEK-2E  activity  is  independent  of  upstream  activation. 

this  experiment).  We  then  measured  the  ability  of  the  immu¬ 
nopurified  MEK  to  phosphorylate  inactive  MAPK-KR,  detect¬ 
ing  phosphorylation  of  MAPK  by  upward  mobility  shift  on  SDS- 
PAGE.  Approximately  90%  of  immunopurified  MAPK  substrate 
is  unphosphorylated  ( lane  1 )  when  incubated  without  MEK 
protein.  Incubation  of  the  MAPK-KR  substrate  with  Ara/’-acti- 
vated  MEK-1  results  in  nearly  complete  conversion  of  MAPK  to 
the  phosphorylated  form  (lane  2\  but  little  conversion  of 
MAPK  is  seen  if  MEK-1  is  co-expressed  with  the  inactive  raf 
allele,  demonstrating  that  activity  of  wild  type  MEK-1  protein 
is  dependent  upon  activation  by  the  co-expressed  raf  kinase. 
The  MEK-2E  mutant  protein  is  also  able  to  effect  complete 
conversion  of  the  MAPK-KR  substrate  to  the  phosphorylated 
form,  but  in  contrast  to  the  wild  type  MEK  protein,  MEK-2E  is 
active  when  expressed  either  with  or  without  active  raf  kinase 
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Fig  7  Time  course  of  MEKK  and  raf  phosphorylation  of  each  activating  residue,  lb  measure  phosphorylation  of  MEK  on  codons  218 

and  222  MEK  S218T  or  S222T  mutants  were  constructed,  together  with  the  inactivating  K97R  mutation  of  MEK-  .  ac  mu  an  proem 

was  expressed  separately  and  then  immunopurified  and  reacted  together  with  AMEKK  or  Araf  kinases.  Parallel  reactions  were  stopped  after 
terreaste^  time^ ^ith  SDS  sample  buffer  and  analyzed  by  SDS-PAGE.  Radiolabeled  MEK  protein  was  subjected  to  phosphoamino  acid  analysis,  and 

shown  using  either  MEK  S218T  substrate  (A  and  B)  or  MEK  S222T  (C  and  D)  reacted  with  either  AMEKK  (A  and  C)  or  Ara/*(B  and  D)  tor  the 
time  show/  The  amount  of  radiophosphoamino  acid  detected  arising  from  each  codon  (either  phosphosenne  or  phosphothreomne)  is  plotted 
separately  MEKK  phosphorylates  the  residue  at  codon  218  more  rapidly  than  the  residue  at  codon  222  regardless  of  the  hydroxy  amino 
that  codon  position.  In  contrast,  Ara/ kinase  phosphorylates  both  codons  approximately  equally  at  all  time  points. 


(lane  5).  Thus  MEK-2E  activity  is  independent  of  upstream 
activation. 

MEKK  and  raf  Have  Distinct  Specificity  for  Site  Phospho¬ 
rylation — The  experiment  shown  in  Fig.  3  suggests  that  phos¬ 
phorylation  of  MEK-1  by  raf  results  in  approximately  equal 
phosphorylation  on  serines  at  codons  218  and  222,  whereas 
MEKK  phosphorylates  codon  218  preferentially.  However,  this 
distinction  could  reflect  differences  in  the  completion  of  the 
phosphorylation  reaction  rather  than  differences  in  the  actual 
site  preferences.  Therefore  we  sought  means  of  observing  the 
kinetics  of  phosphorylation  of  each  codon  separately. 

We  first  considered  using  synthetic  peptide  substrates  to 
measure  the  site  specificity  of  MEKK  or  raf.  However,  versions 
of  MEK-1  containing  large  (50—100  codons)  deletions  distant  to 
the  activating  sites  have  been  completely  unphosphorylated  by 
MEKK  or  raf ?  We  interpret  this  to  mean  that  an  intact  MEK 
protein  is  required  for  recognition  of  MEK-1  as  a  substrate  by 
these  kinases.  It  thus  seems  unlikely  that  peptide  substrates 
could  give  meaningful  results. 

To  measure  phosphorylation  of  MEK  on  each  of  the  two 
codons,  we  instead  utilized  MEK  S218T  and  S222T  mutations, 
together  with  the  inactivating  KR  mutation.  The  reciprocal 
threonine  mutations  are  important  for  measuring  potential  dif¬ 
ferences  in  codon  specificity  versus  preference  for  serine  over 
threonine  residues.  MEK  S218T  or  S222T  mutants  were  ex¬ 
pressed  separately  and  then  immunopurified  and  reacted  to¬ 
gether  with  AMEKK  or  Ara/’  kinases  for  increasing  time  peri¬ 
ods.  Radiolabeled  MEK  protein  was  subjected  to  phosphoamino 
acid  analysis,  and  the  amount  of  radiolabel  associated  with 
phosphoserine  or  phosphothreonine  was  quantified  using  an 
AMBIS  /3-detector. 

Fig.  7  shows  the  analysis  of  the  four  experiments  using  the 

2  M.  Yan,  unpublished  observations. 


two  substrates  and  the  two  kinases.  MEKK  was  found  to  phos- 
phorylate  the  residue  at  codon  218  more  rapidly  than  the  resi¬ 
due  at  codon  222  in  reactions  with  both  mutant  MEK  proteins 
(A  and  C).  At  later  time  points,  phosphorylation  on  codon  218 
plateaus  and  phosphorylation  at  codon  222  increases  slightly. 
In  contrast,  \raf  kinase  (B  and  D)  phosphorylated  both  codons 
approximately  equally  at  all  time  points.  When  codon  222  was 
substitute  with  threonine,  slightly  less  radioactive  phospho¬ 
threonine  was  detected  with  either  kinase.  This  may  reflect 
that  threonine  is  a  slightly  less  preferred  residue  for  both  ki¬ 
nases.  It  is  clear,  however,  that  phosphorylation  of  MEK  by 
MEKK  and  raf  is  biochemically  distinguishable,  although  we 
have  not  detected  biological  consequences  of  this  differentially 
phosphorylated  MEK  proteins. 

DISCUSSION 

Identification  of  the  sites  of  activation  of  MEK-1  clarifies  the 
role  of  MEKK  and  raf  in  transduction  of  cellular  growth  sig¬ 
nals.  The  two  sites  of  activating  phosphorylation  lie  within  a 
domain  of  MEK-1  between  kinase  domains  VII  and  VIII  (18). 
This  activation  domain  of  MEK-1  is  conserved  between  MEK 
variants  and  species  homologs.  Fig.  8A  shows  the  alignment  of 
the  comparable  region  of  many  MEK  homologs  across  diverse 
species.  In  all  cases,  the  2  serines  identified  as  MEK-1  activa¬ 
tion  sites  are  preserved,  although  in  yeast  and  Xenopus  the 
second  serine  is  changed  to  a  threonine  residue. 

Fig.  SB  depicts  the  analogous  regions  of  several  serine-threo¬ 
nine  protein  kinases  for  which  the  sites  of  activating  phospho¬ 
rylation  are  known.  In  all  examples  found,  activating  phospho¬ 
rylation  also  occurs  between  conserved  kinase  domains  VII  and 
VII.  For  the  analogous  activating  region  of  MAPK,  this  region 
lies  in  a  solvent-exposed  portion  of  the  protein,  which  has  been 
termed  the  “activating  lip”  (34)  and  which  may  partially  ob¬ 
struct  a  substrate  binding  pocket.  Spacial  conservation  of  the 
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Fig.  8.  Comparison  of  the  activation  domain  in  homologs  of 
MEK-1  and  in  other  serine/threonine  kinases.  A,  amino  acid  se¬ 
quences  of  MEK-1  and  homologous  proteins  are  compared  in  the  region 
of  the  activating  phosphorylation  sites  of  MEK-1.  Shaded  boxes  indicate 
serine  or  threonine  residues  conserved  at  the  sites  of  MEK  activation. 
Amino  acid  sequences  of  rat  MEK-2  (MAP  kinase  kinase-2)  (4)  Dro¬ 
sophila  Dsor-1  (19),  Xenopus  MAPKK  (20),  Xenopus  MEK-2  and  MEK-3 
(21),  Schizosaccharomyces  byr-1  (22)  and  wis-1  (23),  Saccharomyces 
PBS-2  (24),  STE7  (25),  and  MKK1  and  MKK2  (26)  were  from  published 
sources.  B ,  regions  of  several  serine/threonine  protein  kinases  between 
conserved  domains  VII  and  VIII  are  compared  in  which  the  kinases  are 
known  to  be  stimulated  by  phosphorylation  in  this  region.  Shaded  boxes 
show  sites  of  phosphorylation.  Published  sources  identifying  activating 
sites  were  used  for  MAPK  (27),  PKC-a  (28),  cdc2  (29,  30),  c-ra/’Ol),  PKA 
(32),  and  ISPK-1  (33). 


sites  of  activating  phosphorylation  suggests  that  this  mode  of 
regulation  of  kinase  activity  is  strongly  conserved,  especially 
among  kinases  within  signal  transduction  cascades.  Activation 
sites  in  other  kinases  might  thus  be  inferred  by  homology  to 
this  region. 

The  constitutive  activity  of  our  MEK-2E  allele  strongly  sup¬ 
ports  the  identification  of  codons  218  and  222  as  sites  of  acti¬ 
vating  phosphorylation  on  MEK.  Furthermore,  this  allele  could 
prove  to  be  a  valuable  reagent  for  analysis  of  signal  transduc¬ 
tion  events,  since  it  almost  certainly  contributes  a  continuous 
MEK-1  signal  to  the  cell.  We  have  recently  constructed  cell 
fines  that  express  the  MEK-2E  allele  in  a  regulated  fashion  and 
are  beginning  to  measure  the  effects  of  this  allele  on  growth 
signaling  in  cells.  It  should  be  noted  that  our  strategy  of  sub¬ 
stituting  acidic  residues  in  place  of  activating  phosphorylation 
sites  is  not  always  successful.  As  a  pertinent  example,  we  have 
detected  no  activity  in  alleles  of  MAPK  (obtained  from  Michael 
Weber)  containing  substitutions  of  glutamic  acid  for  either  the 
phosphorylated  threonine,  or  tyrosine  residues,  or  both. 

Although  MEK-1  is  clearly  activated  by  raf  and  MEKK,  it  is 
also  capable  of  phosphorylating  itself,  as  documented  by  sev¬ 
eral  groups  (20,  35).  Using  our  S218T  and  S222T  mutants  we 
have  confirmed  that  MEK-1  autophosphorylates  both  codons 
218  and  222  and  also  phosphorylates  uncharacterized  threo¬ 
nine  and  tyrosine  residues. 

Our  studies  have  shown  clearly  that  phosphorylation  of 
MEK-1  by  MEKK  and  raf  are  not  identical,  with  MEKK 
strongly  preferring  codon  Ser218  as  a  site  of  phosphorylation. 
However,  we  do  not  know  if  this  difference  is  reflected  in  bio¬ 
logical  differences  in  the  signaling  process  effected  by  these  two 
kinases.  Using  phosphorylation  and  activation  of  MAPK  as  a 
measure  of  MEK-1  function,  both  MEKK  and  raf  seem  equally 
able  to  activate  MEK-1.  The  differences  we  observe  in  site 
preference  might,  however,  reflect  biological  differences  in  sig¬ 


naling  in  several  ways.  For  example,  the  two  distinctly  phos¬ 
phorylated  forms  of  MEK  could  recognize  different  substrates 
other  than  MAPK.  Under  this  scenario  doubly  phosphorylated 
MEK  (activated  by  raf)  could  phosphorylate  an  unknown  sub¬ 
strate  critical  for  cell  transformation  that  is  not  recognized  by 
MEKK  activated  MEK-1.  Alternatively,  one  of  the  differently 
phosphorylated  MEK-1  forms  could  remain  activated  longer 
within  the  cell.  Since  phosphatase(s)  that  inactivate  MEK-1 
have  not  been  characterized,  it  is  possible  that  a  separate  phos¬ 
phatase  is  responsible  for  dephosphorylating  each  residues.  If 
this  were  true,  termination  of  the  two  activating  events  might 
be  separately  regulated.  Since  our  data  indicate  that  singly 
phosphorylated  MEK-1  remains  partially  activated  (see  Fig.  4), 
a  phosphatase  specific  for  codon  218  could  specifically  negate 
signals  arising  from  MEKK  activation  while  leaving  the  signal 
arising  from  raf  partially  intact. 

Irrespective  of  mechanism,  the  differences  between  MEK-1 
signal  transduction  effected  by  MEKK  or  raf  is  significant  for 
one  overriding  reason:  raf  has  clearly  been  identified  as  a  com¬ 
ponent  of  an  oncogenic  kinase  cascade,  whereas  MEKK  has  not. 
Alternative  phosphorylation  of  MEK-1  protein,  resulting  in 
similar  yet  distinct  activation  of  MEK-1,  could  be  a  means  by 
which  oncogenic  versus  non-oncogenic  growth  signals  are 
propagated. 

Since  this  work  was  completed,  a  report  identifying  MEK 
codons  218  and  222  as  substrates  for  raf  has  been  published 
(36). 
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A  kinase  distinct  from  the  MEK  activator  Raf1"3,  termed  MEK 
kinase-1  (MEKK),  was  originally  identified  by  virtue  of  its  homo¬ 
logy  to  kinases  involved  in  yeast  mating  signal  cascades4.  Like 
Raf,  MEKK  is  capable  of  activating  MEK  in  vitro4,5.  High-level 
expression  of  MEKK  in  COS-7  cells4  or  using  vaccinia  virus 
vectors5  also  activates  MEK  and  MAPK,  indicating  that  MEKK 
and  Raf  provide  alternative  means  of  activating  the  MAPK  signal¬ 
ling  pathway.  We  have  derived  NIH3T3  cell  sublines  that  can  be 
induced  to  express  active  MEKK.  Here  we  show  that  induction  of 
MEKK  does  not  result  in  the  activation  of  MAPK,  but  instead 
stimulates  the  stress-activated  protein  kinases  (SAPKs)6-8  which 
are  identical  to  a  Jun  amino-terminal  kinase9’10.  We  find  that 
MEKK  regulates  a  new  signalling  cascade  by  phosphorylating  an 


Si  To  whom  correspondence  should  be  addressed. 


SAPK  activator,  SEK1  which  in  turn  phosphorylates  and  activates 
SAPK. 

Stably  transfected  NIH3T3  subclones  express  MEKK  in 
response  to  isopropyl-/?-D-thiogaIactosidase  (IPTG)  (Fig.  1  a) 
but  MAPK  activity  remains  unchanged  (Fig.  16).  In  contrast, 
SAPK  activity  is  increased  six-  to  eightfold  in  MEKK-inducible 
cell  lines  but  not  in  the  parent  NIH3T3  cells.  These  MEKK- 
expressing  cells  are  able  to  activate  MAPK  in  response  to  some 
mitogenic  signals,  because  treatment  with  phorbol  ester  increases 
MAPK  activity  in  each  of  these  clones  (as  well  as  in  NIH3T3 
cells),  whereas  SAPK  activity  is  unaffected  (Fig.  lc).  Increased 
SAPK  activity  is  evident  by  3  hours  and  maximal  after  12  hours 
of  induction;  MAPK  activity  is  unchanged  throughout  the  23- 
hour  incubation  with  inducer  (Fig.  Id).  Together  these  results 
indicate  that,  in  contrast  to  the  presumed  role  of  MEKK  in 
activating  MEK  and  MAPK,  MEKK  acts  instead  to  activate 
SAPKs.  Expression  of  truncated  AMEKK  in  these  clones 
resulted  in  six-  to  eightfold  inhibition  of  growth  rate  compared 
with  parental  NIH3T3  cells. 

We  modelled  activation  of  SAPK  by  MEKK  using  cloned 
genes  and  purified  proteins  expressed  using  vaccinia  virus 
vectors11,12.  MEKK  induced  electrophoretic  retardation  of 
SAPK,  which  was  suggestive  of  quantitative  phosphorylation 
(Fig.  2a),  and  also  increased  the  amount  of  phosphotyrosine  in 
SAPK  and  activated  its  Jim  N-terminal  kinase  activity.  Thus,  in 
this  overexpression  model  as  well  as  in  the  inducible  cell  line, 
MEKK  expression  results  in  activation  of  the  SAPK  pathway. 

We  considered  the  possibility  that  activation  of  SAPK  occur¬ 
red  as  a  consequence  of  activation  of  the  MEK  and  MAPK 
cascade.  To  stimulate  MAPK  independently  of  MEKK,  we  used 
activated  Raf  and  a  constitutive^  active  allele  of  MEK1  termed 
MEK  2E  (ref.  5).  Both  Raf  and  MEK  2E  were  able  to  induce 
phosphorylation  of  coexpressed  MAPK  (Fig.  2b).  Neither  of 
these  MAPK  activators  induced  phosphorylation  of  SAPK,  indi¬ 
cating  that  the  SAPK  activation  pathway  is  effectively  insulated 
from  the  MAPK  pathway. 

MEKK  was  unable  to  phosphorylates APK  in  vitro  (below). 
We  therefore  tested  whether  MEKK  activated  the  newly  identi¬ 
fied  SAPK  activator,  SEK1  (ref.  13),  whose  sequence  is  similar 
to  MEK1.  Immunopurified  MEKK  (but  not  the  inactive  mutant 
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FIG.  1  a,  MEKK  expression  in  NIH3T3  cells.  Epitope-tagged  truncated 
MEKK  (AMEKK)  was  detected  in  MEKK  clone  1  cells  (lanes  1  and  2) 
or  in  MEKK  clone  2  cells  (lanes  5-8)  but  not  in  a  control  clone  (lanes 
3  and  4)  treated  with  IPTG  for  24  h  (lanes  2  and  4)  or  at  the  indicated 
times  (lanes  6-8).  £>,  MAPK  and  SAPK  activity  in  MEKK-inducible  cell 
lines.  Numbers  below  labelled  bands  indicate  c.p.m.  of  radioactivity  in 
substrates.  SAPK  activity,  but  not  MAPK  activity,  was  increased  in 
response  to  MEKK  expression,  c.  Functional  MAPK  signalling  in  NIH3T3 
cells  and  MEKK-expressing  subclones  after  stimulation  (+)  with 
250  ng  ml"1  TPA.  d,  Time  course  of  induction  of  SAPK  activity  in  MEKK 
3T3  clone  2  cells  after  IPTG  treatment  MAPK  activity  throughout  this 
period  remained  unchanged,  whereas  SAPK  activity  was  increased  even 
at  the  3-h  time  point  when  MEKK  expression  could  not  yet  be  detected. 


MEKK  expression  in  cells  used  here  is  shown  in  a,  lanes  5-8. 
METHODS.  The  EE  epitope-tagged5  C-terminal  320  amino  acids  of 
MEKK1  (AMEKK)  was  expressed  in  NIH3T3  cells  using  the  lacSwitch 
promoter  (Stratagene).  AMEKK  was  induced  in  cell  clones  with  1  mM 
IPTG  and  detected  by  immunoprecipitation  and  immunoblotting  using 
the  anti-EE  monoclonal  antibody  (mAb).  MAPK  and  SAPK  activity  was 
determined  using  polyclonal  antibodies  recognizing  a  C-terminal  pep¬ 
tide  of  p42MAPK ora  p54SAPK-GST fusion  protein.  Immune  complexes 
containing  protein  from  105  cells  were  reacted  with  0.5  pg  GST-Jun 
(amino  acids  5-89;  ref.  8)  for  SAPK,  or  MBP  (Sigma)  for  MAPK  in  20- 
pl  reactions  (50  mM  Tris-CI,  pH  7.4, 10  mM  MgCI2,  1  mM  DTT,  15  pM 
ATP,  5  pCi  [32P-y]ATP),  for  30  min  at  room  temperature.  Radioactivity 
was  quantified  using  an  AMBIS  /3-detector. 


MEKK(K-^R)  rapidly  phosphorylated  a  glutathione-S-trans- 
ferase(GST)-SEK  fusion  protein  on  serine  and  threonine  resi¬ 
dues  (Fig.  3 a)  but  failed  to  phosphorylate  a  SEK  mutant  in 
which  the  two  residues  equivalent  to  the  sites  of  activation  in 
MEK  were  mutated.  Phosphorylation  of  GST-SEK  activated 
the  SAPK  activity  of  GST-SEK.  Thus,  SEK  is  a  substrate  of 
MEKK  and  phosphorylation  by  MEKK  is  sufficient  to  activate 
SEK.  MEKK  expression  also  activates  SEK  in  vivo  (Fig.  3b). 
Activation  of  SAPK  by  MEKK  requires  functional  SEK  because 
coexpression  of  a  dominant  inhibitory  allele  of  SEK  blocks  activ¬ 
ation  of  SAPK  by  MEKK  (Fig.  3c). 


Coexpression  of  full-length  MEKK  protein  is  able  to  effect 
phosphorylation  of  SEK  and  activation  of  SAPK  (Fig.  4 a),  simi¬ 
lar  to  the  activation  induced  by  truncated  MEKK.  The  high 
activity  of  full-length  MEKK  protein  during  overexpression  sug¬ 
gests  that  a  cellular  activity  might  regulate  natural  MEKK 
expressed  at  lower  levels.  This  result  is  in  contrast  to  Raf,  which 
displays  low  levels  of  kinase  activity  unless  truncated14. 

Our  results  demonstrate  complete  reconstitution  of  a  kinase 
cascade,  beginning  with  MEKK,  that  phosphorylates  and  activ¬ 
ates  SEK,  which  subsequently  phosphorylates  and  activates 
SAPK.  Each  component  of  this  cascade  is  functionally  parallel 


FIG.  2  Activation  of  SEK-SAPK  pathway  by  coexpression  of  AMEKK 
using  vaccinia  virus  vectors,  a,  Epitope-tagged  SAPK  was  expressed 
with  either  the  untagged  inactive  K  ->R  mutant  of  AMEKK  (lane  1)  or 
wild-type  AMEKK  (lane  2).  Coexpression  of  active  MEKK  resulted  in 
mobility  shift  of  SAPK  detected  by  anti-epitope  immunoblotting  (bottom 
panel)  and  also  increased  tyrosine  phosphorylation  of  SAPK  detected 
in  anti-epitope  immunoprecipitates  (middle  panel).  SAPK  activity  was 
also  strongly  elevated,  reflected  by  phosphorylation  of  GST-Jun(5-89) 
using  anti-epitope  immunoprecipitates  (top  panel),  b,  epitope-tagged 
MAPK  (lanes  1-4)  or  SAPK  (lanes  5-8)  was  expressed  with  epitope- 
tagged  forms  of  truncated  active  Raf  (lanes  1,  5),  constitutively  active 
MEK  2E  (lanes  2,  6),  AMEKK(K  -  R)  mutant  (lanes  3,  7)  or  AMEKK  wild 
type  (lanes  4,  8),  and  detected  in  whole  cell  lysates  using  anti-epitope 
western  blot.  Activation  of  both  MAPK  and  SAPK  is  identifiable  by  the 
appearance  of  bands  with  delayed  mobility,  indicated  by  stars,  pp  prefix, 
phosphorylated  protein  forms.  Raf  and  active  MEK  2E  are  able  to  activ¬ 
ate  MAPK,  but  not  SAPK,  thus  the  SAPK  pathway  is  insulated  from  the 
MAPK  pathway.  MEKK  is  able  to  activate  MAPK  in  this  overexpression 
system,  though  it  is  not  when  expressed  at  lower  levels  (Fig.  1).  Of  the 
kinases  tested,  only  MEKK  is  able  to  activate  SAPK. 

METHODS.  The  N-terminal  EE-epitope-tagged  p54SAPKorl,  and  un- 


a  a? 

& 

,v>- 


tagged  AMEKK  were  expressed  using  the  vaccinia  virus  expression  sys¬ 
tem  and  the  plasmid  pTMl  (ref.  12).  Phosphotyrosine  was  detected 
using  mAb  4G10  (UBl)  to  probe  anti-EE  immunoprecipitates.  Jun  kinase 
was  assayed  as  for  Fig.  1.  Kinase  expression  and  blotting  has  been 
described5. 
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FIG.  3  a,  MEKK  phosphorylates  and  activates  of  SEK  in  vitro. 

Immunopurified  AMEKK  phosphorylated  wild-type  GST-SEK  (lane 
3)  on  serine  and  threonine  (see  phosphoaminoacid  analysis, 
inset),  but  not  mutant  GST-SEK  protein  lacking  the  two  phos¬ 
phorylation  sites  (lane  4).  GST-SEK1  phosphorylated  by  MEKK 
in  vitro  acquired  SAPK  kinase  activity,  as  shown  after  secondary 
reaction  with  inactive  (K  > A)  mutant  thrombin-cleaved  GST- 
SAPK  with  radioactive  ATP  (lane  6).  Mutant  GST-SEK  protein 
lacking  phosphorylation  sites  (lane  8)  or  reactions  without  either 
MEKK  or  SEK  did  not  allow  phosphorylation  of  SAPK.  b,  MEKK 
activates  SEK1  in  vivo.  Epitope-tagged  SEK  expressed  in  CVi 
cells  using  a  CMV  expression  vector  (lane  i)  became  activated 
by  coexpression  of  AMEKK  lacking  the  epitope  tag  (lane  2).  Anti¬ 
epitope  immunocomplexes  were  assayed  for  SEK  activity  using 
GST-SAPK  as  substrate  (see  Fig.  1  legend),  c,  SAPK  activation 
by  MEKK  requires  SEK1.  Epitope-tagged  SAPK  expressed  using 
SV40-based  vectors  was  activated  by  coexpression  with  AMEKK.  1234 
This  activation  was  reversed  by  triple  coexpression  of  a  dominant 
inhibitory  mutant  of  SEK1  containing  (S220A,  T224L;  SEK  AL). 

METHODS.  Epitope-tagged  AMEKK  was  expressed,  immunopurified  and  eluted 
using  excess  EE  peptide5.  Bacterial  SEK-GST  fusion  protein  was  purified  and 
reacted  in  situ  on  glutathione-agarose  beads.  Activated  MEKK  was  separated 
from  GST-SEK  by  washing  the  glutathione  beads,  and  subsequently  incubated 
with  SAPK  substrate  (cleaved  from  GST  by  thrombin,  and  containing  an  inactivat¬ 
ing  K55A  mutation)  in  kinase  reactions  containing  [“PJATP  (20  mM  ATP  total 
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concentration).  Inhibition  of  HA-epitope-tagged  SAPK  by  SEK-S220A,  T224L  (SEK- 
AL)  was  tested  in  L929  cells  using  the  SV40-based  pMJ2  vector;  7  pg  SAPK,  7  pg 
AMEKK  and  15  ng  SEK-AL  expression  plasmids  were  transfected  together  with 
empty  pMT2  vector  DNA  to  equalize  plasmid  mass.  SAPK  assays  -represent 
triplicate  measurements  using  GST-Jun  substrate  as  described13. 


to  a  component  of  the  MAPK  activation  pathway:  SAPK  is 
analogous  to  MAPK,  SEK  analogous  to  MEK,  and  MEKK 
analogous  to  Raf  (Fig.  46).  Other  evidence  suggests  that  SAPK 
signalling  in  response  to  ultraviolet  irradiation10,15  and  tumour- 
necrosis  factor-a16  lies  downstream  of  Ras.  Additionally,  domi¬ 
nant  inhibitory  Ras  reduces  the  activity  of  MEKK17  and  the 
MEKK  homologue  Byr2  associates  with  Rasl  in  yeast18.  Thus, 
in  parallel  to  Raf-MEK-MAPK,  the  MEKK-SEK-SAPK 
pathway  most  probably  lies  downstream  of  Ras.  Cofactors  for 
Ras  must  exist  that  contribute  specifically  to  either  the  mitogenic 
or  stress-response  pathways. 
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FIG.  4  a,  Activation  of  SEK  and  SAPK  in  vivo  by  full-length  MEKK.  Using  the 
vaccinia  virus  expression  system  in  CVI  cells,  SEK1  or  SAPK  were  separately 
expressed  alone  (lane  1)  or  with  vectors  encoding  full-length  wild-type  MEKK1 
(lane  2)  or  a  kinase-inactive  (K447R)  mutant  allele  of  MEKK1  (lane  3).  Expression 
of  several  bands  related  to  full-length  MEKK  (top  panel)  was  detected  using 
chicken  polyclonal  antibodies  raised  against  bacterially  expressed  AMEKK.  Endo¬ 
genous  proteins  of  70K,  90K  and  110K  were  also  detected  (lane  1).  Epitope- 
tagged  SEK1  and  SAPK1  (middle  panels)  were  detected  by  immunoblotting.  Elec¬ 
tro  phoretica  I  ly  retarded  bands  arising  from  phosphorylation  of  both  SEK  and  SAPK 
were  observed  from  coexpression  with  full-length  MEKK,  indicating  that  MEKK 
thus  expressed  is  constitutively  active.  SAPK  activity  was  activated  by  full-length 
MEKK  (bottom  panel),  b,  Diagram  of  separate  pathways  emanating  from  Raf  and 
MEKK.  Both  Raf  and  MEKK  appear  to  be  dependent  upon  the  function  of  Ras, 
as  described  in  the  text  The  Raf-MEK-MAPK  pathway  is  functionally  analogous 
to  the  MEKK-SEK-SAPK  pathway,  although  the  result  of  stimulation  of  each  path¬ 
way  is  distinct  A  dotted  arrow  from  MEKK  to  MEK  reflects  the  ability  of  MEKK  to 
phosphorylate  MEK  in  vitro  and  during  high-level  cell  expression.  In  stable  induc¬ 
ible  cell  lines,  MAPK  activation  by  MEKK  is  not  seen,  drawing  the  physiological 
significance  of  this  path  into  question.  The  opposing  nature  of  two  signalling 
pathways  both  emanating  from  Ras  suggests  an  important  role  for  factors 
cooperating  with  Ras  to  provide  specificity  for  stimulation  of  one  path  versus  the 
other. 


Is  MEKK  able  to  activate  MEK,  as  originally  proposed? 
When  tested  in  vitro  or  during  overexpression4,5,  MEKK  is 
able  to  phosphorylate  and  activate  MEK.  But  with  the  stable 
MEKK-inducible  NIH3T3  cells  studied  here,  MEKK,  through 
SEK,  activates  SAPK  and  not  MAPK,  even  though  these 
cells  express  an  intact  MAPK  activation  pathway.  MEKK 
might  stimulate  MAPK  in  other  cell  types,  or  transiently, 
although  we  detected  no  MAPK  activity  as  early  as  3  hours, 
at  which  time  SAPK  activity  was  raised  and  MEKK  was 
undetectable.  Additionally,  activated  Drosophila  MEK  (Dsorl) 
rescues  D-Raf  null  mutants  in  both  the  Torso  and  R7  photo¬ 
receptor  pathways19,  implicating  Raf  as  the  major  physiological 
MEK  activator. 

Perhaps  it  is  appropriate  to  consider  MEKK  versus  RAF 
signalling  as  analogue  rather  than  binary  cell  regulation. 
Depending  on  the  interplay  between  kinase  activities,  substrate 
availability  and  the  intracellular  milieu,  MEKK  might  activate 
SAPK  in  our  experimental  systems;  other  cellular  conditions 
might  translate  MEKK  activity  into  a  variety  of  mixed  signals 
involving  other  homologues  of  MAPK20,  including  SAPK.  □ 
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